Renewable heat for the fulfillment of the cooling demand in the fruit and vegetable processing and preserving industries in the intensive agriculture: a case study in Southern Spain by Perez, Manuel et al.
6/11/2019 SWC2019 - Solar World Congress 2019: Layout
https://cms.swc2019.org/program 1/4
Home Program Author Instructions Register Sponsorship Sponsors
About Santiago, etc. Supporters & Partners Download Area Contact
Congress Dinner Registration
Daily Program
Please click on the day or session for more details.
If you are a participant and want to download the abstracts, please login here
Sunday 03/11 Monday 04/11 Tuesday 05/11 Wednesday 06/11 Thursday 07/11
09:00 Opening Ceremony El Parque 2
11:00 Coffee/Tea Break
11:30 Technology and Industry Showcase El Parque 2




14:00 Industrial Forum - Research meets Business El Parque 1
14:00 Poster Session El Parque 3
P10.1 Energy and Exergy Analysis of Integrated Solar Absorption-Membrane Distillation System
for Cooling, Power Generation and Seawater Desalination Applications
Dereje S. Ayou, Universitat Rovira i Virgili
P10.2 Water Recovery Via Solar Evaporation Systems Coupled to Lithium Mining from Brines
Celso Fernando Baspineiro, CIDMEJu
P10.3 Solar Inactivation of Escherichia Coli in Waters by Zvi Technology: Water Treatment to
Small Scale
Lorena Cornejo, UTA - Chile
P10.4 Solar HDH Desalination System Combined with PVT
Natalia Jahn, Universidad Tecnica Federico Santa Maria
P10.6 Non-Dimensional Analysis of a Hudimification-Dehumidification System Driven by PV/T
Collectors for Desalinate Water Production
Riccardo Simonetti, Politecnico di Milano
P10.7 Experimental Investigation on an Enhanced Humidification-Dehumidification Solar
Desalination System with Weakly Compressed Air and Internal Heat Recovery
Hui Xu, Shanghai Jiao Tong University
P2.2 Optical and Thermal Assessment of a Linear Fresnel Collector with Minichannel Absorber
Tube for Medium Temperature Applications
Pablo Castillo, Mechanical Engineering Department, Universidad de Chile
P2.3 Techno-Economic and Sensitivity Analysis of a Combined Integration of Solar Thermal
Energy, Heat Recovery Loops and Indirect Thermal Energy Storage (tes) Into Batch
Industrial Processes
Ivan Muñoz, Fraunhofer Chile
P2.4 Optimal and Thermal Design in Transitional Condition of a Paraboidal Solar Furnace for the
Hydrogen Production
6/11/2019 SWC2019 - Solar World Congress 2019: Layout
https://cms.swc2019.org/program 2/4
Ruben Dorantes, Universidad Autonoma Metropolitana
P2.5 Preliminary Study of Direct High-Temperature Air Generation Inside Linear Fresnel
Concentrating Solar Collectors
Antonio Famiglietti, Universidad Carlos III de Madrid, Departamento de Ingeniería Térmica
y de Fluidos
P2.6 Numerical and Experimental Evaluation of Solar Air Heaters Connected in Series
Octavio García Valladares, Universidad Nacional Autónoma de México
P2.7 Solar Thermal Systems for the Swiss Pharmaceutical Industry Sector
Martin Guillaume, University of Applied Science of Western Switzerland
P2.8 Towards Autonomous Solar Driven Agricultural Greenhouses in Qatar - Integration with
Solar Cooling
Abdelhakim Hassabou, Qatar Environment & Energy Research Institute
P2.9 Long Term Performance Analysis of the Brønderslev CSP – Biomass – ORC Plant for
Combined Heat and Power Production
Adam Jensen, DTU Byg
P2.10 Steam generation up to 250℃ temperature by using parabolic trough concentrator for
industrial applications
CHANGHEON KIM, GREEN ENERGY INSTITUTE
P2.11 Thermal Performance Analysis of a CPC Solar Collector Array with Series Connection to
the Flat Plate Solar Collector Field in a Solar Heating Plant
Gerald Englmair, Department of Civil Engineering, Technical University of Denmark
P2.12 Impact of Roof-Top Installation in Reducing the LCOH of Solar Process Heat Systems:
Case Study of Morocco
Nour Eddine Laadel, Institut de Recherche en Energie Solaire et Energies Nouvelles,
IRESEN
P2.14 Renewable Heat for the Fulfillment of the Cooling Demand in the Fruit and Vegetable
Processing and Preserving Industries in the Intensive Agriculture: A Case Study in
Southern Spain
Manuel Pérez-García, CIESOL-University of Almeria
P2.15 Potential of Solar Process Heat in Switzerland
Mercedes Rittmann-Frank, HSR SPF Institute for Solar Technology
P2.16 Decarbonizing the Building Stock with Renewable District Heating - A Case Study for a
Rural Area in Germany
Ulrich Trabert, Institute of Thermal Engineering - Department of Solar and Systems
Engineering, University of Kassel
P2.18 Drake Landing Solar Community: Financial Summary and Lessons Learned
Bill Wong, CanmetENERGY Natural Resources Canada
P2.19 High-Efficiency Residential Solar Pool Heating Systems
Jianzhou Zhao, University of New South Wales
P2.20 The Performance of a High Altitude High Solar Fraction Large Scale District Heating
System – one Year of Operation
Qingtai Jiao, Sunrain Group Co., Ltd
P1.1 Preparation and Characterization of Absorbent Thin Films by Spray Pyrolysis Technique
Ultrasonic
Carlos Hernández, Universidad Autónoma Metropolitana - Iztapalapa
P1.2 Low Cost Dispatchable Heat for Small Scale Solar Thermal Desalination Systems
Jordyn Brinkley, University of California, Merced
P1.4 Long-Term Experimental Study of the Physical and Mechanical Behavior of Selective
Coatings Used for Solar Heaters Subjected to Environmental Stress
Ruben Dorantes, Universidad Autonoma Metropolitana
P1.6 Pinhole Camera Sun Finders: On Field Characterization
Gianluca Marotta, CNR-INO
6/11/2019 SWC2019 - Solar World Congress 2019: Layout
https://cms.swc2019.org/program 3/4
P1.7 Thermal Evaluation of the Indirect Air Heating System in a Solar Thermal Drying Plant for
Agricultural Products
Octavio García Valladares, Universidad Nacional Autónoma de México
P1.8 Experimental Investigations on Photovoltaic-Thermal Arrays Designed for the Use as Heat
Pump Source
Federico Giovannetti, Institute for Solar Energy Research Hamelin (ISFH)
P1.9 Effects of Nusselt Number Correlation in Temperature and Thermal Stress Prediction in a
Tube of a Solar Receiver Operated with Liquid Sodium
Fernan Gonzalez, Universidad Tecnica Federico Santa Maria
P1.10 Seasonal Accumulation of Solar Energy in Aquifer for Thermal Conditioning
Federico González Madina, Universidad de la República, Uruguay
P1.11 Configurable Wireless Monitoring System for Solar Heating and Cooling System
Tao He, China Academy of Building Research
P1.12 Optical Characteristics of Glass Mirror Reflector for off-axis Concentrators: A Ray-Tracing
Approach
Yacob Hiben, Mekelle University
P1.13 Thermal Characterization of a Novel Polymer Fresnel-Lens Concentrating Solar Collector
Adam R. Jensen, DTU Byg
P1.14 Characterization of Soiling Dust Types and Investigation of Their Soiling Effect and Surface
Interaction Supported by Image Processing
Elisabeth Klimm, Fraunhofer Institute for Solar Energy Systems
P1.15 Economic and Environmental Assessment of Renewable Energy and Energy Storage
Integration in Standalone Polygeneration Systems for Residential Buildings
Ana Lazaro, Aragón Institute for Engineering Research (I3A), Thermal Engineering and
Energy Systems Group, Univ
P1.16 A 2DOF Thermosolar Concentrator Proposal: Solar Tracking and Disturbance Rejection
Using Proportional Defocus.
Diogo Machado, UFSC
P1.17 Combining Geothermal Heat Pump and Solar Panel Heating in the Northern Latitudes
Lana Migla, Riga Technical University
P1.18 Towards a Sustainable Bioclimatic Approach for the Peruvian High Andean Rural Area:
Evaluation of the Thermal Contribution of a Greenhouse Attached to a Dwelling
Juan Omar Molina Fuertes, Universidad Nacional de Ingeniería
P1.20 Solar Energy for Combined Production of Electricity and Industrial Process Heat
Leonardo Faustino Lacerda de Souza, Universidade Federal de Pernambuco (UFPE)
P1.22 A System to Obtain the Electrical Properties of Photovoltaic Devices at Controlled
Temperature and Radiation
Sergio Rodríguez-Castro, Instituto Tecnológico de la Laguna. Tecnológico Nacional de
México
P1.23 Multi Response Optimisation of Thermal Performance of a Novel Solar Air Heater Using
Response Surface Methodology
Sachindra Kumar Rout, C V RAMAN COLLEGE OF ENGINEERING, BHUBANESWAR
P1.24 Previsioning Solar Collector Thermal Efficiency from Design Parameters: A Numerical
Model Achieved from Tests Results
PauloJosé Schiavon Ara, Instituto de Pesquisas Tecnológicas do Estado de São Paulo
P1.25 Improved Flat Plate Collector with Heat Pipes for Overheating Prevention in Solar Thermal
Systems
Federico Giovannetti, Institute for Solar Energy Research in Hamelin (ISFH)
P1.26 Quality Assurance of SWH in Emerging Markets: An Overview of Influential Factors in
Egypt and Tunisia
Lotus Shaheen, Albert-Ludwigs-University of Freiburg
P1.27 Stratification by Natural Convection Directed to Improve Energy Autonomy: Development of
6/11/2019 SWC2019 - Solar World Congress 2019: Layout
https://cms.swc2019.org/program 4/4
an Integrated Collector Storage Solar Water Heater
Julia Tügel, Universidad Nacional de Córdoba
P1.28 Test Method for the Determination of the Long-Term Stability of Absorber Welding Seams in
Flat Plate Solar Thermal Collectors
Jens Ullmann, Institute for Building Energetics, Thermotechnology and Energy Storage
(IGTE), Stuttgart Univ.
P1.29 Modular Pico-Hydro Power Plant Mini-Grid for Remote Himalayan Villages in Nepal
Mark Staumbaugh, RIDS-USA
P1.30 Long-Term Thermochemical Heat Storage for Low Temperature Applications
Nayrana Daborer-Prado, University of Applied Sciences/ Research Group ASIC
P1.31 Effect of the Solar Radiation of the Atacama Desert in the Design of a Parabolic Trough
Solar Thermal Power Plant, Using Thermal Oil in the Solar Field
Lorena Cornejo, UTA - Chile
P1.32 System Performance Test Method for Solar-Based Combisystem by Whole-System Test
Under Adjustable Emulation Load
Tao He, China Academy of Building Research
P1.33 Research of the Domestic Solar Seasonal Storage System Based on BTES
Qingtai Jiao, Sunrain Group Co., Ltd
15:30 Coffee/Tea Break
16:00 Keynote El Parque 2
16:00 Keynote Araucarias 2
16:30 Session 1-A: Theme 1.1 El Parque 2
16:30 Session 1-B: Theme 3.1 El Parque 1
16:30 Session 1-C: Theme 10.1 Araucarias 2
16:30 Session 1-D: Theme 8.1 Araucarias 1
16:30 Session 1-E: Theme 7.1 El Coigue
16:30 Session 1-F: Theme 9.1 El Canelo
Local Host Follow ISES on Social Media Together with
© 2018 ISES. All rights reserved
 
Renewable heat for the fulfillment of the cooling demand in the fruit and 
vegetable processing and preserving industries in the intensive agriculture: a 
case study in Southern Spain 
Manuel Pérez
1,2
, Francisco Javier Cabrera
3




CIESOL-University of Almería, Almería (Spain) 
2
 Agrifood Campus of International Excellence, ceiA3, Almería (Spain) 
3
 Andalusian Ministry of Agriculture and Sustainable Development, Almería (Spain) 
 
Abstract 
The post-harvest processing at fruit and vegetable pack-houses and logistic centers (FVPLC) in locations where, 
as it occurs in Southern Spain, these facilities and greenhouses co-exist in a dense and interconnected 
environment constitute an interesting field for the application of renewable sources of energy. The availability 
and conscious management of solar radiation, necessary for driving the greenhouses food production, as well as 
the availability of biomass, both in the form of plants wastes and, eventually, in the form energy crops allow to 
advance a high potential for the use of these renewable heat sources in such agro-industrial cluster constituted 
by greenhouses, FVPLC and auxiliary industries. In this work, it is carried the estimation of the values of some 
specific technical and environmental indexes of performance of the cold stores that are part of these facilities 
under two energy supply scenario: a conventional mains scenario and an alternative scenario in which cooling 
demand is fulfilled by thermally driven absorption devices. Cooling loads at regional and facility levels, the last 
thanks to the access to actual case studies, have been evaluated and used as input for the estimation and analysis 
of the following indexes under the two advanced scenarios: annual energy consumption, specific electricity 
consumption for cooling and equivalent CO2 emissions. 
Keywords: Renewable heat, absorption cooling, post-harvest processing  
 
1. Introduction 
Southeastern Spain is one of the European more relevant food producer areas having an average annual yield of 
more than 3 million of tons of, mainly, tomato but also pepper, cucumber, eggplant, zucchini, melon and 
watermelon. This plants production results, only in terms of exports, in a turnover of more than 2500 M€ and 
accounts for 24% of the gross domestic product and 28% of employment of the region (Galdeano-Gómez, et al., 
2017) The magnitude of these figures has been reached thanks to intensive cropping techniques applied in 
approximately 40.000 ha of greenhouses, most of them located in coastal areas in the provinces of Almería, 
mainly, Granada, Málaga and Murcia. In this context, the energy demand of the cold stores for crops 
conservation, both during post-harvest and commercialization phases, despite being well identified because its 
relevance for the preservation of the food properties and for the design and operation of the systems, is a 
scarcely investigated field for the application of renewable sources. This became especially interesting if we 
consider these processes as a part of a higher level agro-industrial productive district in which the renewable 
energies could play an important role and in which the on-going environmental impact analyses are mainly 
devoted to the plants growing processes - indoor climatic control, irrigation,…- but no, at least at the same level, 
to the rest productive stages. (van der Werf et al., 2014; Torrellas et al., 2013) 






 of food cold storage (Fikiin et al., 2017) Worldwide, it 
has been also estimated that this sector is responsible for 20% of the total food industry electrical energy 
consumption. Specific surveys on the above have shown a considerable variation between different facilities, 
largely related, as it could be expected, to the size and location of the warehouses, storage temperatures and 
product loads (Swain, 2009; Elleson and Freund, 2004) 
For the case of Spain, food processing industries account for 15% of national energy consumption, being that 
percentage 20% for Andalusia region (Southern Spain). According GRIA (2013) also in Andalusia there are 
about 740 FVPLC centers being Almería the province with the largest number of these facilities, with almost 
one third of the total (Figure 1). Cooling installations at these FVPLC facilities are mostly 1) pre-refrigeration 
stores (9%), 2) refrigeration stores (70%) and 3) rapid tunnel cooling (10%) having an average installed power 
of 565 kW and a consumption of 294 MWh/year (Figure 2) 
 
Fig. 1: Fruit and vegetable packhouses and logistic centres (FVPLC) and the radiation climate zones in Andalusia 
 
Fig. 2: Characterization of the horticultural industries in Andalusia (GRIA, 2011) 
In this work it is analyzed the potential of the application of renewable heat for the cooling of the post-harvest 
products in these FVPLC facilities, which are located, as advanced, in an extremely dense area of greenhouse 
farms. The goal of the analysis is to contribute to the assessment and further reduction of the environmental 
impacts of the processes involved in the greenhouses production agroindustry no directly related to the 
cultivation ones. We have selected a representative case study based on actual data of a FVPLC at Almería’s 
province. After establishing the energy demands related to cooling processes, the estimation of the specific 
indexes annual energy consumption, specific electricity consumption for cooling and CO2 emissions for two 
energy supply scenario has been carried out. The first scenario is the present one, the use of the available mains 
for feeding compression chillers. The second scenario is the use of renewable sources provided both by solar 
energy and biomass for feeding heat driven absorption cooling devices. Greenhouses exploitations are located in 
sunny areas, as it is the case of Almería’s province (Figure 1) and crops residues are a well characterized source 
of biomass (Callejón-Ferre et al., 2011). While photovoltaic solar energy could be also considered, this work has 
been focused to thermally driven options because the actual possibility of continuous renewable operation of the 
systems thanks to thermal storage. In upcoming works, a more complete approach will be tackled under the 
emerging paradigm distributed energy networks for agro-industrial districts, including photovoltaics (Schweiger 
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2. Case studies 
2.1. Case study 
This work uses as reference two FVPLC industries -denominated Case A and Case B - processing 126.000 t/yr 
of vegetables during the studied period. This production comes from a crop area of 915 has, of which 92% are 
crops grown under plastic greenhouses in Almería following typical cultivation cycles and 8% are summer crops 
in mesh greenhouses. These two industries account for approximately 6% of the total vegetable crop production 
tested in the Almeria region. In order to increase the pertinence of solar option, we have considered a third case 
(Case C), in which production has increased over central months resulting in constant production throughout the 
year. This case assumes that consumption could better fit solar availability in summer, increasing the load 
thanks to outdoor mesh tomato contribution produced in other areas.  
Both A and B facilities have cold room volumes of about 12.000 m
3
, divided equally between the refrigeration 
and pre-refrigeration zones. The industry has an installed overall power of 980 kWe. The cooling facility A is 
devoted to tomato, pepper, cucumber, eggplant and melon processing and the cooling facility B is exclusively 
devoted to tamato (Table 1). In spite of the actual data of the electricity and fuel-oil annual energy consumptions 
are known, 3,7 MWh and 0,4 MWh respectively, as usual in many industries, they do not discriminate the 
corresponding particular uses (lighting, cooling, engines,...). Therefore, an indirect estimation is necessary to 
evaluate the specific thermal load of the cooling chambers, ?̇?𝑟𝑒𝑓, the load which is necessary to maintain the 
temperature within the design point. Once ?̇?𝑟𝑒𝑓 is estimated, its integration on a daily and yearly basis allows 
also to estimate of the energy demand for refrigeration, 𝐸𝑟𝑒𝑓 . The values of 𝐸𝑎𝑛𝑢𝑎𝑙  in terms of electricity or heat, 
for the case of thermally driven devices, are calculated by corresponding systems coefficients of performance 
values 𝑆𝐶𝑂𝑃.  
In both cases the daily and monthly product patterns have been considered and the loads for the pre-refrigeration 
and refrigeration processes. The following input quantities have been used: the processed product by the 
FVPLC, the climate data, the cold room characteristics and, finally, the length, sequence and features of the 
processes (ASHRAE, 2010; Trott and Welch, 2000; Ballard, 1992), b). Hourly climate data for a typical 
meteorological year generated using Meteonorm v.7 were used as the reference for the location of the case 
studies - in which the average temperature was 18.0±6.0 °C, relative humidity 65.0±14.0 %, wind speed 4.0±2.4 
m/s and a yearly accumulated horizontal solar radiation 1.861 kWh/(m
2
yr).  
Tab. 1: Crops production by case study 
Case 
Refrigerated production Crop area Summer crop (tomato) 
Energy 
consumption 












1.972 15 (3%) 
electrical:  
3.700(90%) 
fuel oil:  
402 (10%) 
 
B 57.328 tomato (100%) 424 to. (100%) 7.571 56 (13%)  
C 76.432 tomato (100%) 561 to. (100%) 26.177 194 (34%)  
2.1. Energy indexes 
For refrigeration facilities, the Total Equivalent Warming Impact index, 𝑇𝐸𝑊𝐼, provides specific information of 
refrigeration systems environmental impact because, together to the indirect effect due to the impact of CO2 
emissions from fossil fuels used to generate the energy to operate the equipment throughout its lifetime, it takes 
into account the direct warming effect due to the refrigerant gases released during equipment operation, 
including unrecovered losses (Wu et al., 2013; AIRAH, 2012). It is measured in units of mass in kg of carbon 
dioxide equivalent (CO2-eq) and according to the above it is estimated by the Equation 1. 
𝑇𝐸𝑊𝐼 = [(𝐺𝑊𝑃𝑟 · 𝐿𝑟 · 𝑛) + (𝐺𝑊𝑃𝑟 · 𝑚 · (1 − 𝛼𝑟𝑒𝑐))] + [𝐸𝑎𝑛𝑛𝑢𝑎𝑙 · 𝛽 · 𝑛]  (eq. 1) 
The first term of (1) corresponds to the direct emissions potential of the installations due to the eventual release 
to the atmosphere of the refrigerant gases contained in their circuits. In this term 𝐺𝑊𝑃𝑟  is the well-known 
Global Warming Potential index of the refrigerant gases, which provides the reference for comparing the impact 
of other greenhouse gases different to CO2, with independence of its source and/or use once they have been 
incorporated to the atmosphere. It is evaluated in relative terms to CO2 radiative effects on the atmosphere for an 
accepted period of time of 100 years, 𝐺𝑊𝑃𝑐𝑜2 = 1. 𝐿𝑟 [kg/yr] is the leakage rate, 𝑛 [years] is the system 
operating life, 𝑚 [kg] the refrigerant charge and 𝛼𝑟𝑒𝑐 [-] the recovery factor, related to the eventual re-use when 
installations finish their operative life.  
In this sense, the refrigerant gases must be chosen not only due to their non-ozone depleting nature, but also to 
their lower 𝐺𝑊𝑃𝑟values. Some of the presently used gases in conventional compression systems have values of 
𝐺𝑊𝑃𝑟  that are thousands of times greater than CO2 (Sarbu and Sebarchievici, 2014). Conversely, other classical 
refrigerant as Ammonia, R-717, when used both in electrically and/or thermally driven (renewable or not) 
compression cycles, has the advantage of having a null value of direct emissions potential. 
The indirect, the second one, term in expression (1) takes into account the energy consumption 𝐸𝑎𝑛𝑛𝑢𝑎𝑙  
[kWh/yr] and the indirect emission factor, 𝛽 [kg CO2/kWh], which depends on the primary way in which 
𝐸𝑎𝑛𝑛𝑢𝑎𝑙  is obtained, electricity and/or heat. In this work, 𝐸𝑎𝑛𝑛𝑢𝑎𝑙  is related to the energy demand for 
refrigeration 𝐸𝑟𝑒𝑓   systems by the coefficient of cooling system performance 𝑆𝐶𝑂𝑃 which here represents the 
overall efficiency of the conversion of the supplied energy in the effective energy to be removed from the 
refrigerated space. This efficiency coefficient integrates the well-known parameter 𝐶𝑂𝑃 (Coefficient of 
Performance), which is related to the operating temperatures, refrigerant gas and cycle configuration, as well as 
the rest of energy inefficiencies of the other parts and circuits of the cooling system as piping, valves, fans,… 
In the case of 𝐸𝑎𝑛𝑛𝑢𝑎𝑙  to be electricity, the calculation of emission factor βe [kg CO2/ kWhe] must account for 
the energy sources in a particular region, whether renewable or non-renewable, which makes up the 
corresponding regional energy mix (EEA, 2011). This varies year-on-year for each country although there 
consensus on using some standard values. For Spain is, βe= 0.33 [kg CO2/kWhe] (IDAE, 2012) or βe= 0.40±0.26 
[kg CO2/kWhe] for the UE-27 (EEA, 2011). For the case of using heat as main source of the processes, fossil 
fuels also have specific values of  as, for example, the natural gas βng= 0.20 [kg CO2/kWht] (IDAE, 2012). 
In cold stores, which are characterized by a well-defined and isolated volume, other well stablished index is 
Specific Electricity Consumption, 𝑆𝐸𝐶 [kWhe/(m
3
yr)]. 𝑆𝐸𝐶 index has, of course a wide variability depending on 
the size and configuration of the cold stores, the storage temperatures, the location, the product load, the use of 
energy and the refrigeration load profile, etc. Some reference values are between 14 and 132 kWhe/(m
3
yr) 
(Mejia, 2008; Prakash and Singh, 2008). In this work a variation of this index has been considered normalizing 
instead the electricity consumption to the volume of the cold store, the yearly refrigeration energy by processed 
crops mass or normalized refrigeration load 𝑁𝑅𝐿 [kWhref/t] by year. 
2.3. Renewable cooling installation 
The basic elements of the considered alternative refrigeration system are shown in Figure 3, which are: 
 The primary renewable energy source (PES): solar thermal energy, but also heat from biomass. 
 Ammonia absorption chiller (AACH). In the thermally driven cooling systems, the energy requested to 
drive the evaporation/condensation thermo-mechanical cycle of the refrigerant gas is obtained by a 
sequential absorption/generation process of the refrigerant (adsorbate) gas on a liquid substrate 
(adsorbent) which is driven by the supply of certain quantity of heat. Although a wide variety 
adsorbate/adsorbent working pairs have been proposed, the most common are LiBr-H2O and H2O-NH3 
(Henning, 2007). In LiBr-H2O-fed systems, the minimum temperatures in the evaporator are around 5 
ºC (Balaras et al., 2007). In H2O-NH3 absorption chillers, temperatures in the evaporator are not as 
limited and can be used for applications below 5 ºC (Balaras et al., 2007), more suitable for industrial 
applications. Conversely, certain drawbacks must be noted: NH3 is toxic, the working pressures are 
higher, and the rectifier needed in the generator outlet causes additional losses. The temperatures 
required in the generator are between 125 ºC and 170ºC if the absorber and the condenser are cooled by 
air; and between 80 ºC and 120 ºC if cooled by water, and the COP (single-stage) is between 0.6-0.7 
(Balaras et al., 2007). Therefore, these chillers are very suitable to be powered by solar systems with 
collectors that can efficiently reach temperatures the mentioned temperatures. 
 Heat storage (HS) is the storage system that takes care of storing the excess primary energy produced 
aiming to tackle the nocturnal of low radiation periods. A wide set of options exists, starting from the 
simplest one, sensible heat in water tanks. More advanced options consist on alternative substances for 
sensible storage, PCM phase change materials and even the use of thermochemical cycles. As operative 
alternative, the energy storage in this kind of systems can be also afforded in the form of storing the 
cold water generated by the chiller (glycolated water solution or brine) Cold Storage (CS).   
 Auxiliary heating (AH) is the auxiliary power generation system for activating the chiller. This 
auxiliary system generally requires a power source to operate i.e. biomass, natural gas, etc. 
 Cool distribution system (CD), usually fan coils that are responsible for distributing the cold in the cold 
room by circulating a fluid at low temperature (glycolated water solution or bine). 
 Auxiliary cooling system (AC), which is responsible for removing the necessary energy from the cold 
room during periods when there is no primary energy source available to activate the chiller. 
 
Fig. 3: Cooling systems based on an absorption chiller. 
The refrigeration system may contain all the components listed above or only some of them; such as a 
refrigeration system to exploit a primary energy source, with hot storage and an auxiliary heat system to activate 
the chiller (PES+HS+AH+AACH+CD); or a refrigeration system to exploit a primary energy source to activate 
the chiller, with cold storage with support for auxiliary or conventional cooling (PES+AACH+CS+CD+AC). 
3. Methods and Calculations 
3.1. Refrigeration load estimation 
Crops refrigeration chain at the considered case studies is the following (Figure 4): vegetables are received with 
a temperature T0 whose value is determined by the ambient temperature in the 5-6 h range prior to receipt, 
including the transportation, and stored in the pre-refrigeration room in which the temperature reaches T1=T0-3 
ºC (if, T1≥Tpreref). Then they are categorized, packed, palletised and stored in the refrigeration room which is 
cooled to the final commercialization temperature T2 = 8 ºC (Figure 4). The minimum time for the refrigeration 
process is 18 hours until the product reaches temperature T2, and this takes into account that the cooling is done 
by forced air and that the vegetables are packed in boxes and stacked. The weight of the pallets is about 500-700 
kg, depending on the product. Some products are reprocessed after being in the refrigeration room, which 
requires further selection, packaging and palletising due to quality control. This can occur with up to 15% of the 
production; or they are individually packaged (flow-pack), which can occur in up to 30% of the production. The 
cooling processes include pre-refrigeration and refrigeration. These are done in cold stores and apply to all 
products. Refrigeration in the cooling tunnels can be rapid, to speed the refrigeration process. 
There are some processes requiring heat for: (1) drying - peppers are washed and subsequently dried in a drying 
tunnel with forced air heated in a fuel oil boiler, (2) packaging - cucumbers are wrapped individually in a 
process which requires heat input to shrink the plastic. Certain products such as cucumbers or peppers, that are 
dried or packed in high-temperature processes, may increase their temperature by 1-2 °C before being 
introduced into the refrigeration room. 
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cold 
room
cooled; at 48h, 20% of the production has left; at 72 hours, 70% has gone and after 96 h, 100% of the production 
has gone. On leaving, the pallets are placed in refrigerated trucks for distribution. 
 
Fig. 4: Diagram of the FVPLC industries process (Case A, initial situation) 
The refrigeration load is the energy to be extracted from the cold room to maintain the designed inside 
temperature. This load coincides with the sum of: 1) the removal of heat (sensible or latent) from a product; 2) 
the heat transferred  by conduction through the surfaces of the room; 3) the radiant heat from outside; 4) the heat 
transferred by convection from outside (by air infiltration or ventilation), both sensible and latent; 5) the internal 
heat sources (lights, fan motors, machinery, personnel, etc.); and 6) the heat generated by the product (Trott and 
Welch, 2000).  
A simplified energy balance equation in quasi-steady state, in which the energy gained is equal to the energy 
lost, can be expressed as: 
?̇?𝑟𝑒𝑓 = ?̇?𝑐𝑐 + ?̇?𝑟𝑒𝑛 + ?̇?𝑝 + ?̇?𝑟𝑒𝑠 + ?̇?𝑓  (eq. 2) 
Where, ?̇?𝑟𝑒𝑓 [W] is the heat that needs to be provided (-) or removed (+) from the cold room; ?̇?𝑐𝑐 [W] is the 
heat gained by conduction-convection through the walls, ceiling and floor; ?̇?𝑟𝑒𝑛 [W] is the heat gained by the 
renewal of inside air and infiltration; ?̇?𝑝 [W] is the load needed to refrigerate the product; ?̇?𝑟𝑒𝑠 [W] is the load 
needed for product respiration; and ?̇?𝑓 [W] is the input of fans, lights, people and other heat sources. For the 
cold modelling, we have opted for a simplified dynamic model which takes into account the thermal balance of 
the chamber. The single zone model makes a heat balance around the chamber by considering the different 






[?̇?𝑐𝑐 + ?̇?𝑟𝑒𝑛 + ?̇?𝑝 + ?̇?𝑟𝑒𝑠 + ?̇?𝑓]  (eq. 3) 
Ti [ºC] is the temperature; t [s] the time; and Mcr [J/ºC] is the thermal mass of the cold room. 
Each ?̇?𝑥term in (2) and (3) has specific expression that allows estimate ?̇?𝑟𝑒𝑓 (ASHRAE, 2010). 
Accordingly, once integrated horyrly resltas the annual energy consumption for vegetable refrigeration in the 
cold stores, obtained from hourly load figures is 1.934, 1.474 and 2.130 MWhref/yr (for the three cases studied). 
Figure 5 shows the summary of the montly, weekly and hourly evolution of this consumption, where we see that 
the maximum occurs in the period from November to May, (Cases A and B) and in the summer (Case C) 
because the cooling load is mainly influenced by the amount of manipulated product and the outdoor climate. In 
Cases A and B, there is less load during the summer months because this period is outside of the normal crop 
cycles for protected crops in this region. 
The refrigeration process load represents 80% of the total, while the remaining 20% is for the pre-refrigeration 
process. The main refrigeration load is that produced to refrigerate the product,?̇?𝑝, which accounts for about 56-
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and conduction losses represent 10-14%, infiltration loads represent 8-10%, and operating loads, 7%. The 
refrigeration loads directly depend on the amount of product to be refrigerated and its initial temperature (R
2
> 
0.75) and fairly related to the difference in temperature between the outer and inner chambers (R
2
> 0.21). The 
annual normalized refrigeration loads are 28,3, 25,7 and 27,9 kWhref/t, respectively, for the studied production 
cases. For the case of the needs of installed cooling capacity, the maximum cooling power needed to cover 99% 
of the refrigeration loads are 530, 420 and 540 kWref (Figure 5) with hourly peak loads of 1.050, 760 and 900 
kWref, for the three cases (Figure 6). 
 
Fig 5: Evolution of the total refrigerated energy consumption of the cases studied, with normalised loads, peak loads as well as 
annual (a-c), weekly (d-f) and daily (g-i) production.  
 
 




















































































































































Case C: Qref= 2130 MWh/y (27.87 kWh/t)c)















































































Case A: Qref= 1934 MWh/y (28.32 kWh/t)a)
















































































Case B: Qref= 1474 MWh/y (25.72 kWh/t)b)
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c) Case C (243 163 kW)
3.3 Calculations related to renewable cooling systems 
The following scenarios have been defined: the Scenario I (S-I) is a conventional auxiliary cooling system 
(compression chiller) powered by electricity obtained from conventional sources, the Scenario II corresponds to 
a cooling system with an ammonia absorption chiller fed with renewable thermal energy. From the refrigeration 
loads we can obtain the energy consumption required for product refrigeration depending on the equipment used 
in the different scenario. The electricity consumption associated to refrigeration loads, and their coverage in 
electrical terms for standard values of 𝑆𝐶𝑂𝑃of the conventional equipment agrees with as provided by 
Schweiger et al.,(2011) associated with electricity consumption for refrigeration in the industry 15.3 (NACE 
Code Rev. 1.1), in Spain. 
For the case of the solar thermal installation, a parabolic thought collector (PTC) field has been selected because 
its higher heat generation capacity and because the availability of specific and modular solutions for industrial 












  (eq. 4) 





] are Gd,t [W/m
2
] global, direct and diffuse irradiance at the collector aperture and Kθb(θ) [-] is the 
incidence angle modifier. The solar collector filed provides hot water (tcap=thot=110ºC) to a single-effect 
absorption NH3-water device. Temperature at evaporator is tchw=-3ºC which is transferred to a water solution 
circulating in chamber fan-coils. Nominal coefficient of performance COPnom=0,60 and the cooling capacity is 
?̇?𝑐𝑜𝑜𝑙=500 kWcool, fulfilling 98% of the demanded power. As thermal storage medium, hot water has been 
selected confined in a Vsto [m
3
] tank having 0,83 W/(m
2
 K) thermal losses. It is also considered an auxiliary 
boiler with a power of ?̇?𝑎𝑢𝑥=900 kWhot. 
A model of the system has been elaborated in TRNSYS v17 and the following specific parameters have related 
(Table2) to estimate system performance for different technical options : 1) overall system efficiency,  [-], 2) 
solar fraction,  [-], the percentage of energy produced by the system in regard to the energy demand, that is, 
SCOP weighted refrigeration load, 3) specific solar field area, Aspec [m
2
/kWcool], input parameter indicating the 





ratio between storage volume and the size of the solar field. 














0 0 0 2.934 0,00 0,00 
0,5 0 284 2.672 0,45 0,08 
1 0 566 2.473 0,45 0,15 
2 0 1.126 2.186 0,44 0,24 
3 0 1.683 2.018 0,44 0,30 
4 0,2 1.700 1.602 0,45 0,43 
5 0,2 2.825 1.060 0,45 0,61 
B 
0 0 0 2.377 0,00 0,00 
0,5 0 284 2.113 0,45 0,11 
1 0 565 1.911 0,45 0,19 
2 0 1.124 1.676 0,44 0,29 
3 0 1.679 1.566 0,44 0,34 
4 0,2 1.699 1.058 0,45 0,55 
5 0,2 2.822 595 0,45 0,74 
C 
0 0 0 3.325 0,00 0,00 
0,5 0 284 3.059 0,45 0,07 
1 0 567 2.834 0,45 0,14 
2 0 1.128 2.498 0,45 0,24 
3 0 1.685 2.300 0,44 0,30 
4 0,2 1.702 1.890 0,45 0,42 
5 0,2 2.829 1.230 0,45 0,61 
  
4. Results and Conclusions 
Table 3 summarizes main findings in terms of the selected indexes for the facility level analysis (case A, B and 
C). In addition to this, as the studied location is included in the zone with higher cooling requirements in all the 
national systems design guides and regulations, it is possible to assume the obtained normalized load value 
(𝑁𝑅𝐿 = 28.3 kWhcool/t) as a maximum requirement for a more general geographic approach. In this way, the 
extrapolation to the total fruit and vegetable production in Spain and Andalucía will approach to maximum 
figures at national and regional levels. CO2 emissions associated with this consumption, assuming an electricity 
contribution alone (Scenario I) would be around 84.1 kt CO2/yr. Using an ammonia absorption chiller powered 
only by solar energy or biomass, CO2 emissions would be 77% lower in Scenario II (FS-B=100%) than in 
Scenario I. In Scenario II, CO2 emissions would decrease in proportion to the increase in renewable energy 
contribution. 
Tab. 3: Annual energy consumption, primary energy savings and CO2 emissions under different scenarios in the FVPLC 
industries. 
Case Case A Case B Case C Andalusia Spain 
Refrigeration load, Qref [MWhcool/yr] 1.934 1.474 2.130 208.900 614.412 
Normalized load [kWhcool/t] 28,3 25,7 27,9 28,3 * 28,3 * 
Scenario I: (electric chiller) +ECH+ 
Energy consumption, Eannual [MWh/yr] (SCOP=2.5) 774 590 852 86.672 254.917 
Electrical [MWhe/yr] (100%) 774 590 852 86.672 254.917 
Thermal [MWht/yr] (0%) 0 0 0 0 0 
SEC: [kWhe/(m
3yr)] 64 49 71   
Scenario II: (absorption chiller) ...+AACH+… 
Energy consumption, Eannual [MWh/yr] (SCOP=0.55) 
3517 2681 3872 393962 1158712 
Electrical [MWhe/yr] (5%) 
176 134 194 19698 57936 
Thermal [MWht/yr] (95%) 
3341 2547 3679 374264 1100777 
SEC: [kWhe/(m
3yr)] 15 11 16   
II.(fS-B=0%) 
    Solar or Biomass (PES) 
TEWI: [kt CO2/yr] 
673,6 513,5 741,7 75.458,1 221.935,7 
II.(fS-B=30%) 
    Solar or Biomass (PES) 
TEWI: [kt CO2/yr] 
471,5 359,4 519,2 52.822,6 155.360,7 
II.(fS-B=100%) 
    Solar or Biomass (PES) 
TEWI: [kt CO2/yr] 
0,1 0,0 0,1 6,5 19,1 
 
In regard to Specific Electricity Consumption (SEC), the obtained values for Scenario I are comparable to those 
obtained by other authors for similar cold store volumes. Scenario II represents an average savings of 78% in the 
SEC, produced by the use of AACH. There are variations in the SEC values for the three cases studied mainly 
due to the different use of the freezers and the load profiles - when their use is more intensive, the SEC is higher 
- because the product refrigeration load is increased. This variability suggests that the SEC produced an error in 
the FVPLC industry cases studied. Therefore, the best index to extrapolate to other situations is the normalized 
load to the amount of refrigerated product.  
For the case of the thermal energy to activate the AACH obtained from biomass. FVPLC industries have a close 
relationship to the crop production area. So, for example, as in case B, with an annual tomato cycle area of 424 
has, there is a heat load of 2547 MWht/yr (this energy could be covered by the biomass generated from a surface 
corresponding to 16 -27% of the production area, and 18 -32% for cases A and C (considering a tomato biomass 
heat output of 3-5 kWh/(m
2
yr) and a biomass boiler efficiency of 75%). Solar energy could also be used to 
cover much of this energy. Figure 7 shows a comparison of the SEC values in the literature and that obtained 
according analysed scenarios. 
 
Fig. 7: Analysis of SEC for cases and scenario 
An overall economic approach on the basis of the estimated costs in Table 4, elaborated with data compiled in 
literature and providers,  produces an estimated value of levelized cost of energy LCOE of 0,07 €/kWhcool for 
the Sceneario I, which must be considered a low value because the good value of SCOP of conventional cooling 
facilities.  
Scenario II presents a less competitive LCOE value, especially for those alternative with lower values of f. For 
the more favorable option, case C, in which demand is concentrated in the summer, installations with solar 
fields in the order of 5 m
2




can reach a value of LCOE in the order of 0,08 
€/kWhcool in spite of high initial investments and low cooling production performance of absorption chiller in 
regard to electrical driven compression devices. 
Tab. 4: Estimated systems costs for economic analysis 
Installation Concept Unts [u.] Costs [€/u.] 
Conventional 
refrigeration system 
Compressor/Condenser Pcool [kW] 300 
Evaporator Pevap [kW] 185 
Renewable heat driven 
refrigeration system 








Chiller NH3 Pcool [KW] 350 
Boiler Paux [kW] 50 
Fan-coils Pfan [kW] 50 
Cooling circuit Refrigerant m [kg] 10 
 
As overall conclusion, the reduction of environmental impact of refrigeration of fruit and vegetables at FVPLC 
in Southeastern Spain could be affordable by the use of renewable heat driven absorption machines. The main 
constrain for the development of these solutions is the high initial investment costs of the devices which, in any 
case can result in in reasonable values of LCOE, although still higher that no renewable heat. 
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